Introduction
Despite the predominance of invertebrate phyla in the animal kingdom, relatively very little is known about the mechanisms whereby invertebrates activate xenobiotics to toxic products, especially in organisms other than insects. Aquatic invertebrates are particularly susceptible to contaminant exposure and, to predict the risk to these organisms it is important to gain an understanding of the biochemical mechanisms of xenobiotic metabolism and toxicity.
Xenobiotic metabolism
The cytochrome P-450 gene superfamily has been shown to be of major importance in coding for a wide range of enzymes ( > 70 gene members of 14 families) for the oxidative metabolism of both endogenous and foreign compounds [ 11. These enzymes are widely distributed and are thought to have evolved from an ancestral gene present over 2 billion years ago [Z] . Consequently it is not surprising that the majority of studies involving foreign compound metabolism in marine invertebrates has Abbreviations used; HI', benzo[a]pyrene; 2AAF, 2-acetyl-aminofluorene; 2AF, 2-aminofluorene. concentrated on the cytochrome P-450 system. A summary of the information available on cytochrome P-450, flavin mono-oxygenase (EC 1.14.13.8) and epoxide hydrolase (EC 4.2.1.64) in marine invertebrates is shown in Table 1 . All marine invertebrates tested were found to contain measurable cytochrome P-450 with activity towards specific substrates such as benzo[a] pyrene (BP) and 7-ethoxyresorufin (indicative of P-450 1A)
as well as metabolism of 7-ethoxycoumarin (a less specific marker of isoenzyme activity). The presence of cytochrome P-450 1A in marine invertebrates, especially crustaceans, is of particular importance since this system is known to activate a wide range of procarcinogens to reactive genotoxic products and has a specific ability to oxidize sterically hindered positions [ 51. Transcript sequences showing similarity to rat cDNA probes to cytochrome P-450 IVAl (involved in endogenous fatty acid metabolism) have also been detected in the mussel Mytilus edulzi [6] . However, evidence of multiplicity of forms in marine invertebrates involved in xenobiotic metabolism is based largely on kinetic studies and responses to selective inhibitors [3] . It is apparent that mussel cytochrome P-450 content and activity towards benzo[a]pyrene was elevated in relatively polluted sites in Norway In contrast, the aromatic amide 2-acetylaminofluorene (2AAF) and its corresponding amine (2AF) (which both require activation to N-OH-2AF for bacterial mutagenicity [ 151) gave a positive effect in mutagenicity assays employing mussel and crab tissue extracts [ 111 (Fig. 1) . It should be noted that the ultimate N-0-esterification to the reactant N-acetoxy-2AF can be catalysed by the bacterial strain used [ 161. With both of these invertebrates, the postulated proximate mutagenic metabolite, N-OH-2AAF (which requires only N-deacetylation to exert bacterial mutagenicity) was of a far greater mutagenicity than either of the non-oxidized precursors (2AAF or 2AF; Fig. 1 ). These data indicate the ability of the mussel and the crab to carry out N-deacetylation and N-hydroxylation of these substrates. The activation of 2AAF by the mussel ~4 1 . Paraoxon (an inhibitor of 2AAF deacetylase) was also a potent inhibitor of 2AAF activation by the mussel [ 111. When the postmitochondrial fraction of mussel digestive gland was separated into cytosol and microsomes, neither fraction alone could catalyse mutagenesis, although activation was observed using re-constituted fractions. This suggests that the deacetylase in the mussel is a cytosolic, paraoxon-sensitive enzyme similar to that reported in the mouse and guinea pig but not the rat [ 191. The mussel does not appear to possess the microsomal form of the enzyme found in these three mammalian species.
There were some similar conclusions from a study by Kurelec & Krca [20] but the results of this earlier study partly contrasted with our finding in that there was some evidence for independent microsomal and cytosolic activation of 2AAF. Interpretation of the data in this study that relates to cytosolic N-0-acetyltransferase is difficult because of the extracellular formation of the reactant and the ability of S. typhimurium to acetylate N-OH-AF In our comparative studies with the starfish [ 111 it became apparent that this organism metabolized 2AAF in a manner different to the mussel (Fig.  1) . First, 2AAF (up to 500 pg/plate) was completely negative in the mutagenicity test in the presence of starfish pyrolic caeca. However, 2AF and N -O H -2 M F were positive, the latter being sensitive to inhibition by paraoxon (75% inhibition).
It was also possible to activate 2AAF to bacterial mutagens by combining mussel cytosol (previously [161. Volume 19 shown to deacetylate but not to N-hydroxylate 2AAF) and starfish microsomes supplemented with NADPH. These findings suggest that the starfish lacks 2AAF deacetylase despite an apparent ability to deacetylate N-OH-2AAF. The N-hydroxylation mechanisms of both substrates appear to be intact.
Genetic toxicity in marine invertebrates
Information on the molecular effects of reactive metabolites in marine invertebrates is limited. How- ever, some attention has been given to genetic damage, since these organisms are not immune to neoplastic disease [ 211. When mussel digestive gland was treated with 2AF [22] , two distinct DNA adducts were detected by 3LP-postlabelling. The major adduct was chromatographically similar to C-8-aminofluorene-substituted guanine, and this adduct was also evident in DNA isolated from 2AF-treated mussels [23] . In contrast, HP was not readily activated to DNA-binding products by mussel
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Marine invertebrate 753 digestive gland [20] although the light-dependent binding of HP to the DNA of a marine sponge has been reported after 2 h exposure to 1 ppb [24] . Several other techniques have been used to assess genotoxicity in aquatic invertebrates [25] . Of particular interest regarding agents requiring metabolic activation is the study by Al-Sabti & Kurelec [26] who demonstrated an increase in the number of chromosomal aberrations in mussel gill cells in a dose-dependent manner with exposure to 1 -10 ppb of HP for 24 h. Furthermore cyclophosphamide, a promutagen dependent on oxidative metabolism for genotoxicity, increased the frequency of sister chromatid exchange in both adult and larval mussel One of the striking findings regarding the mechanism of RP activation by mussels is the apparent one-electron oxidation to cation radicals and the predominance of quinone products [ 3 ] . The formation of quinones may relate to the production of oxygen radicals through redox cycling. Partial reduction of molecular oxygen produces oxygen radicals that have been implicated in a wide range of toxicities through oxidation of macromolecules [ 281. The production of reactive oxygen species has been demonstrated following the treatment of various tissue extracts from the mussel M. edulis and Geukensia demissa [29, 301 , the clam Rangia cuneata [30] and the crayfish Procambrus clarkii [ 3 11
with pro-oxidants. The microsomal NAD(P)Hdependent oxygen radical production of mussels was stimulated variously by menadione, nitrofurantoin and paraquat [30, 321. In contrast to findings with rat liver microsomes, NADH possessed equal or greater ability to catalyse production of oxygen radicals than did NADPH.
Anti-oxidant enzymes and free-radical scavengers such as carotenoids have been found in marine invertebrates [4] some of which might be particularly exposed to oxidants through regular changes in oxygen tension. Our initial investigation of oxidative DNA damage (in the form of 8-O€I-deoxyguanosine [ 331) indicated that the steady-state level of this oxidation product in mussel digestive gland DNA is at a level of approximately 0.02% yield (8-OH-deoxyguanosine from deoxyguanosine) compared with a level of approximately 0.004% in rat liver. In preliminary studies, treatment of mussels with pro-oxidants known to induce oxygen radical formation (see above) did not increase the level of 8-01 I-deoxyguanosine (data not shown) suggesting that effective protection is afforded to the DNA under these conditions. The digestive gland of M. edulis possesses a range of anti-oxidant enzymes ~271.
e.g. superoxide dismutase (260 f 1 1 units/g), catalase (1028f 108 pmol min-' g -' ) and glutathione peroxidase (123 f 18 nmol min-I g-I ) [ 
321.
In summary, marine invertebrates clearly have the ability to metabolize certain compounds into reactive, toxic products, but the mechanism of metabolism differs in several respects from mammalian systems. There is a need for more information on the fate of pollutant chemicals in these aquatic organisms.
